Complex immune dysregulation is a hallmark of sepsis. The occurring phases of immunosuppression and hyperinflammation require rapid detection and close monitoring. Reliable tools to monitor patient's immune status are yet missing. Currently, microRNAs are being discussed as promising new biomarkers in sepsis. However, no suitable internal control for normalization of miRNA expression by qPCR has been validated so far, thus hampering their potential benefit. We here present the first evaluation of endogenous controls for miRNA analysis in human sepsis. Novel candidate reference miRNAs were identified via miRNA microArray. TaqMan qPCR assays were performed to evaluate these microRNAs in T-cells and whole blood cells of sepsis patients and healthy controls in two independent cohorts. In T-cells, U48 and miR-320 proved suitable as endogenous controls, while in whole blood cells, U44 and miR-942 provided best stability values for normalization of miRNA quantification. Commonly used snRNA U6 exhibited worst stability in all sample groups. The identified internal controls have been prospectively validated in independent cohorts. The critical importance of housekeeping gene selection is emphasized by exemplary quantification of imuno-miR-150 in sepsis patients. Use of appropriate internal controls could facilitate research on miRNA-based biomarker-use and might even improve treatment strategies in the future.
were heterogeneous thus currently impeding the use of miRNA as biomarkers. This lack of consensus might -at least partially-be due to the fact that valid reference genes for quantification of miRNAs in sepsis have not been established, yet [17] [18] [19] [20] [21] [22] [23] . Moreover, in many cases either plasma or serum samples were used, which bears the risk of detecting contaminating miRNAs induced or released by co-morbidities or environmental influences.
We here present the first validation of internal controls for qPCR-based miRNA quantification in immune cells in sepsis. Importantly, to address the divergent miRNAomes of immune cell types, we have investigated reference miRNAs for two relevant set-ups: T-cells and whole blood cells. We analyzed native and stimulated T-cells from healthy volunteers and T cells isolated from septic patients and newly identified two reliable internal reference miRNAs. To expand these findings to PAXgene bed-side application, whole blood cells from a second, independent cohort of sepsis patients and healthy controls were isolated, and two valid reference miRNAs were identified also for this scenario.
Results
Selection of candidate miRNA reference genes. An optimal housekeeping gene should fulfil several essential demands: (1) it is highly expressed in the target cell, (2) it shows no differential regulation thus exhibiting high expression stability over time, (3) it is unaffected by any experimental condition and (4) it is easily detectable by use of available assays 24, 25 . Taking into account the highly cell-and tissue-specific expression of miRNAs, it is intuitively clear that universal reference genes do not exist. Instead, optimal internal controls according to these requirements have to be determined for each utilized type of cell or tissue and every experimental approach 20, 26, 27 .
To identify potential miRNAs/snRNAs/snoRNAs that could serve as endogenous controls for quantification of miRNA expression in T-cells and whole blood cells in sepsis, we first evaluated data from a miRNA microArray performed with RNA from T-cells of septic patients and unstimulated/stimulated T-cells of healthy controls. Expression levels of candidate miRNAs are shown in Fig. S1 . Requirements for suitable miRNAs were: (i) Expression detectable in at least 19/21 samples, (ii) not differentially regulated in sepsis (p-value > 0.05) and (iii) TaqMan miRNA assay commercially available 28 . With respect to these criteria, three microRNAs fulfilled all preconditions and thus were included into subsequent analyses: miR-30c-1*, miR-320a and miR-942. In addition, the commonly used albeit not properly evaluated normalizers U6, U44, U47 and U48 were analysed (Table 1 ). These seven candidate reference genes where then further assessed in two independent cohorts: (1) T-cells of septic patients and age-adjusted healthy controls (native and activated via anti-CD3/CD28 microBeads) and (2) whole blood cells of septic patients and age-adjusted healthy controls. Patient characteristics are depicted in Supplementary Tables 2-5.
Evaluation of candidate miRNA reference genes in T-cells. Recently, paralysis of adaptive immunity
has evolved as the major cause of death in sepsis 29, 30 . On the search for effective biomarkers for early detection and consecutive monitoring of immunosuppression, miRNAs have entered the field 16 . However, valid internal normalizers to enable reliable miRNA quantification have not been determined so far.
To address this important issue, we evaluated expression levels of the seven previously defined candidate miRNAs in T-cells from septic patients (n = 18) and in both native and stimulated T-cells from healthy controls (n = 17) ( Fig. 1 ). Raw quantification cycles (Cq) ranged from 23 to 34 ( Table 2 shows raw Cq values and standard deviation (SD) of each subset, amplification efficiencies are depicted in Supplementary Table 1 ). Only MicroRNA-30c-1* exhibited higher quantification cycles (in the range of [36] [37] [38] , indicating only unspecific amplification, and thus was excluded from further analyses.
Reference genes for miRNA quantification in native vs. stimulated primary human T-cells. As ex vivo stimulation of primary T-cells is a commonly used and generally accepted method to mimic global activation of T-cells in response to infection, we first investigated expression stability of the remaining six candidate miRNAs in unstimulated and in anti-CD3/CD28 stimulated primary T-cells of healthy donors. To this end, we used the open-source algorithms NormFinder, BestKeeper and geNorm. Standard deviations and gene stability values of these analyses are shown in Table 3 . Fold change of miRNA expression is depicted in Fig. S4 and Supplementary Table 6 . Rankings of all applied algorithms are depicted in Table 4 .
MicroRNA-320 exhibited best performance according to BestKeeper and geNorm analysis. NormFinder identified U48 as most stable gene and U48/U44 as best combination of genes. However, both miR-320 and U48 proved as reliable with only marginal differences and high performance throughout all analyses. Notably, commonly used U6 was ranked worst by all applied algorithms. The combined use of three or even two reference genes resulted in only marginally higher yet similar V n /V n+1 ratios. In accordance to these findings, accumulated standard deviations are comparably low for two to four reference genes ( Fig. 2 ). Taken together, miR-320 or the combination of miR-320 and U48 are suitable as internal controls of miRNA expression analysis in naive and stimulated primary human T-cells.
Reference genes for miRNA quantification in septic T-cells vs. healthy controls. In clinical settings, evaluation of T-cell miRNAs in sepsis is based on comparison of sepsis samples to healthy controls. We thus determined Cq values of all candidate miRNA internal normalizers in T-cells of sepsis patients and in healthy controls and analysed their expression stability. Results are shown in Table 5 , respective rankings are listed in Table 6 . While U48 exhibited best stability values proposed by NormFinder and geNorm, miR-942 showed superior performance according to BestKeeper analysis. NormFinder combination analysis revealed miR-320 and U48 as best performing genes. Overall, values of U48 and miR-320 were in close proximity throughout all calculations. Again, U6 was consistently ranked worst. The combined use of two internal controls exhibited the best stability values ( Fig. 3 ). In summary, applying U48 or the combination of miR-320 and U48 provides best internal normalization for miRNA quantification when comparing primary T-cells of sepsis patients to those of healthy controls. Since both analyses identified miR-320 and U48 as best performing internal normalizers, we next validated if they are indeed suitable "universal" reference genes for primary human T cells in the context of sepsis and thus usable in experimental as well as in clinical settings. Standard deviations and gene stability values of the respective analyses are given in Table 7 , integrated rankings of all applied algorithms in Table 8 . Both NormFinder and BestKeeper showed miR-320 and U48 as top performing candidate genes exhibiting comparable results. GeNorm analysis found best stability values for U44, U48 and miR-320, all exhibiting similar performance. A combination of two reference genes depicted lowest accumulated standard deviation and sufficient pairwise variation ratio ( Fig. 4) .
Collectively, miR-320 and U48 proved as suitable internal controls for miRNA expression analysis in primary human T-cells in the context of sepsis.
Evaluation of candidate miRNA internal normalizers in whole blood samples.
In a clinical setting, analysis of whole blood cells is a straightforward approach as the purification of single immune cell populations usually is not feasible. However, reliable references for miRNA quantification in this context are also lacking. We therefore examined expression levels of the above-mentioned candidate endogenous controls in total RNA www.nature.com/scientificreports www.nature.com/scientificreports/ purified from whole blood cells in an independent cohort of septic patients (n = 17) and healthy controls (n = 15, Fig. 5 ). Quantification cycles ranged from 23 to 32 (Table 9 shows raw Cq values and standard deviation (SD) of each subset). Similar to T-cells, miR-30c-1* was excluded from further analyses because of unspecific amplification (Cq values in the range of [37] [38] .
Results of expression stability displayed high consensus between all software applications: NormFinder proposes miR-942 as best internal control, whereas U44 is most suitable according to BestKeeper and geNorm. Performance of both candidate genes U44 and miR-942 is highly comparable throughout all algorithms, geNorm results are almost identical (Tables 10 and 11 ). Similar to T-cell analysis, U6 exhibited worst gene stability in nearly all applied software algorithms. Considering calculation of accumulated standard deviations, at least two internal controls are required ( Fig. 6 ).
Taken together, our evaluation revealed miR-942 and U44 as best suitable internal controls for miRNA quantification of whole blood cell RNA in the context of sepsis. Supplementary Tables 8 and 9 ). A pronounced immune dysfunction affecting both innate and adaptive immunity has been demonstrated for these patients immediately after surgical intervention [31] [32] [33] [34] [35] . As we have recently published, both septic patients and patients after CPB display comparable T-cell phenotypes with upregulation of immunosuppressive markers, rendering these cohorts ideal for validation of the identified reference genes 16, 31 . As depicted in Fig. 7, expression Impact of the choice of reference genes on miRNA quantification. To evaluate the effects of different reference genes on miRNA expression analysis, we quantified immuno-miR-150 in sepsis using best-performing U48 and worst ranked U6 as exemplary housekeeping genes. Consistent with recently published data 16 , miR-150 was significantly downregulated in septic patients as compared to healthy controls in case of using U48 for normalization ( Fig. 8A) . Remarkably, using snRNA U6 resulted in the opposite: a significant upregulation of miR-150 expression in sepsis was found (Fig. 8B) . These divergent results highlight the crucial importance of using validated internal controls for qPCR-based miRNA expression analysis.
Discussion
Sepsis is a clinical syndrome characterized by complex immune dysfunction with states of hyperinflammation, largely driven by innate immune cells, and immunosuppression, mainly affecting adaptive immunity 36 . Recent studies have pointed out that T-cell driven immunoparalysis is the leading cause of death in sepsis 29 . While the commonly used biomarkers, e.g. C-reactive Protein, Interleukin-6, and Procalcitonin, are able to detect www.nature.com/scientificreports www.nature.com/scientificreports/ hyperinflammation, effective tools for early detection and consecutive monitoring of immunosuppression are lacking 37 . At this point, miRNAs are being discussed to fill the gap 16 . MiRNAs have emerged as essential regulators of human immune responses. Moreover, they exhibit essential features -like cell-type and disease-specific expression and high stability-to render them ideal biomarkers 12, 15 . Even though miRNAs have evolved as promising diagnostic tools in sepsis in recent years, their implementation into clinical routine is still pending 7 . This is -at least partially-due to the lack of valid reference genes, which impedes reliable miRNA quantification in sepsis.
To date, qPCR is the method of choice for quantification of miRNA expression, enabling a fast, accurate and reliable detection 25, 38 . Suitable normalization strategies, however, are a pivotal prerequisite to generate valid results. To adjust for even slight sampling differences in RNA quantity and quality or reverse transcription efficiency, normalization to stably expressed reference genes is indispensable to actually identify variations in gene expression due to experimental conditions 24, [39] [40] [41] [42] . For miRNA quantification, small RNAs such as small nuclear RNA (<350 nt, e.g. U6) and small nucleolar RNA (~60-200 nt, e.g. U44/SNORD44, U47/SNORD47, U48/ SNORD48), or other miRNAs are mainly used as endogenous controls [17] [18] [19] [20] [21] [22] [23] [43] [44] [45] [46] [47] [48] [49] [50] . We here validated endogenous controls for miRNA quantification in sepsis to provide reliable internal controls for current and future sepsis studies, which -in the majority-use healthy subjects as controls ( Supplementary References 3-20) . To this end, four widely used and commonly "accepted" yet not validated reference genes (U6, U44, U47, U48) as well as three potentially "new" miRNAs (miR-30c-1*, miR-320a, miR-942) were validated in T-cell and in whole blood cell www.nature.com/scientificreports www.nature.com/scientificreports/ samples both of healthy subjects and of septic patients. MiRNAs were identified via array analysis and have not been assigned to any regulatory role in immune cells, thus implying stable expression.
For T-cell miRNA quantification, miR-320 and U48 revealed as the two best reference genes, performing equally well. The most suited endogenous controls for whole blood cell miRNA quantification were miR-942 and U44, displaying stability values in close proximity. For these candidate genes, high consensus was obtained in all applied algorithms. The next placed candidate genes showed markedly inferior results. Importantly, the frequently used reference gene U6 was identified as the least stable expressed candidate gene in all cells and conditions tested, clearly showing that its use for normalization in sepsis is inadequate 20, 51, 52 . In order to further clarify this crucial point, we quantified immuno-miR-150 and could display that completely misleading results were obtained when U6 was applied for normalization.
Notably, our study could not find "universal" endogenous controls suitable for both T-cells and whole blood cells in sepsis. This is not surprising as whole blood samples are composed of a variety of different cell types exhibiting substantial differences in their transcriptome and thus miRNAome profiles. Our findings emphasize the necessity to use distinct miRNA internal reference genes for miRNA quantification in T-cell and/or whole blood samples in sepsis.
Several algorithms for analysis of qPCR results and identification of suitable endogenous controls are currently available, based on various principles and using distinct equations 25 . As a consequence, results may differ considerably depending on the respective algorithm 53 . Additionally, BestKeeper software is not specifically designed to construct a hierarchy of genes, although SD values and coefficient of variation are commonly used to rank reference candidates. Therefore, the use of multiple validation principles should be attempted 42, 54 . Strikingly, we obtained similar results in all software algorithms used, which additionally supports our findings. Remarkably, the two best internal controls for T-cells (miR-320/U48) and whole blood cells (miR-942/U44) exhibit nearly 100% consensus amongst all normalization programs (i.e. being ranked first or second). Further prospective validation of the here-identified reference genes in independent cohorts of patients undergoing CPB surgery confirmed expression stability of miR-320/U48 and miR-942/U44 in T-cells and whole blood cells, respectively, in a highly controlled setting of immune dysfunction.
Regarding the optimal number of reference genes, pairwise variation calculations and accumulated standard deviations significantly improved in both sample groups when a second internal control was applied. Use of more than two reference genes had -if any -only minor benefits. The use of only one endogenous control may be acceptable if its use is restricted to the here-analysed experimental environment. Two reference genes may significantly reduce errors and should generally be recommended 25, 27 . For individual studies it may be necessary to reasonably compromise on adequate normalization, sample availability, economical issues and technical execution.
Several studies have been performed to identify suitable normalizers for quantification of -mostly circulating-miRNA in different diseases. Using multiple algorithms and recommending at least two housekeepers is a common ground for most of these investigations 50, 52, [55] [56] [57] . To date, only one study has evaluated reference genes in plasma in a very small number of patients with septic shock 58 . However, both the small sample size and a potential distortion of results by miRNAs induced or released by co-morbidities may hamper the validity of this approach.
Thus, to the best of our knowledge, we here provide for the first time reliable identification of suitable controls for miRNA quantification in immune cells in sepsis. All patient samples have been acquired at the onset of sepsis. As the validated miRNAs remain stable even in the initial activation of immune cells -which profoundly alters T-cell transcriptional activity-it can be assumed that these internal controls also remain stable in the course of sepsis 4 .
Taken together, we recommend the use of miR-320 and U48 in T-cells, and miR-942 and U44 in whole blood cells as suitable endogenous controls for miRNA quantification in sepsis. These combinations feature important advantages: (i) they displayed outstanding stability values, (ii) they both combine different classes of RNAs -miRNA and snoRNA -thus ameliorating potential biases due to biochemical differences, and (iii) they do not comprise of miRNAs of the same miRNA family or miRNA cluster, avoiding similar regulation mechanisms in the context of experimental conditions. Consensus of applied housekeepers for normalization might enable reliable research on miRNAs in sepsis, especially with respect to their use as biomarkers. In this regard, miRNAs might even prove suitable for point-of-care applications and thus could improve current treatment strategies in the future.
Methods
Blood sampling. Blood samples from septic patients were withdrawn immediately after diagnosis of sepsis or septic shock (according to the Sepsis-2 criteria 59 ) and admission to the intensive care unit, before antibiotic or steroid treatment was initiated. Retrospective analysis also confirmed that all patients were meeting the Sepsis-3 definitions 1,60 . Patient analysis has been performed between 2011 and 2017, healthy age-adjusted controls (similar mean age of the compared groups) were sampled in 2011 and 2018. Two independent patient and age-adjusted control groups have been evaluated for primary T-cell and whole blood cell analysis, respectively. Previous antibiotic or steroid treatment, age younger than 18 years, history of malignant diseases, pre-existing immunodeficiency or autoimmune diseases have been defined as patient exclusion criteria. Research has been performed in accordance to the Declaration of Helsinki (ethical principles for medical research involving human subjects). Informed consent was obtained from all patients and healthy volunteers. The protocol for this prospective study was approved by the Institutional Ethics Committees of the Ludwig-Maximilian-University Munich, Germany miRNA quantification. Four commonly applied miRNA housekeeping genes and three newly identified miRNAs were selected as candidate reference genes ( Table 1 ). Expression of miRNAs was quantified using a LightCycler 480 instrument (Roche Diagnostics, Mannheim, Germany). In all reactions, identical amounts of extracted total RNA (6 ng) were reversely transcribed using TaqMan miRNA assays (Thermo Fisher Scientific, Waltham, MA, USA). Negative controls using only purified water were included to prevent any contamination. To account for inter-run and intra-run variations, all experiments have been performed in technical duplicates and additional calibration has been applied, respectively. The cycling conditions comprised initial denaturation a 95 °C for 10 min followed by 50 amplification cycles at 95 °C for 15 s, 60 °C for 60 s and 40 °C for 30 sec. Determination of raw quantification cycles (Cq) has been performed by the LightCycler software using the second derivative maximum method. A quantification cycle (Cq) cut-off has been defined (Cq 40) and all Cq values beyond this cut-off have been considered unspecific. For all TaqMan miRNA assays, amplification efficiencies have been determined by calculating calibration curves from 10-fold dilution series using the equation E = −1 + 10 (−1/slope) (See Table S1 for efficiency values and amplification factors for each TaqMan miRNA assay).
Statistical analysis. Student's t-test
or Mann-Whitney U tests, as appropriate, served for comparisons.
Normal distribution was tested using the Kolmogorov-Smirnov test. The quantified array signals were background corrected (Normexp with offset value 10 -Convolution model described by Ritchie et al. 61 ) and normalized using the global Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm. The obtained values were further analyzed using two-sided Student's t-test. Analysis of expression stability of potential reference genes was evaluated by Excel-based software tools BestKeeper 41 , NormFinder 40 and geNorm 24 . NormFinder add-in calculates intergroup and intragroup variations by applying a model-based approach. Both variations are integrated into a gene stability value. BestKeeper algorithm displays expression stability based on Cq variations and pair-wise correlation analyses. Ranking of genes was performed based on SD values. In case of equal SD, coefficient variation served as additional ranking value. GeNorm gene expression stability is indicated by the average pairwise variation of each reference gene with all other candidate genes and additional ranking of genes by repeated stepwise exclusion of the worst performing gene and recalculation of stability values. For NormFinder and geNorm analysis, raw Cq data has been transformed into relative quantities by the comparative ∆CT method 62 . To calculate accumulated standard deviations of each candidate gene GenEx 6.1 (MultiD Analyses AB, Gothenburg, Sweden) was used according to the developer's instructions. Statistical analysis of qPCR results was performed using Microsoft Excel 365 (Microsoft Corporation, Redmond, WA, USA) and GraphPad Prism 5.01 (GraphPad Software, Inc., USA). Vector artwork has been designed using Adobe Illustrator CS5.1 (Adobe Systems Inc., San Jose, CA, USA). If not stated otherwise, no missing values are reported.
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